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SUMMARY

The vapor-screen technique [or flow visualization in the langley Unitary Plan
Wind Tunnel (UPWT) is presented with a description of the light sources and photo-
graphic equipment used. The tests were conducted with a variation in lighting, cam-
era setting, and vapor densities to determine the conditions required in the UPWT to

obtain high-quality vapor-screen photographs. Mach number was varied from 1.47 to
4.63 at angles of attack vp to 35°,

Typical vapor-screen photographs of various flow patterns are presented to
illugtrate both the quality of the photographs and how they are used in flow anal-
ysis. The use of the vapor-screen technique in the UPWT is a valuable tool for flow
visualization in the supersonic speed range. Accurate measurements of shocks and
vortex locations have been obtained, and direct comparison with theoretical calcu-
lations of the shock and vortex patterns is possible.

INTRODUCTION

The vapor-screen technique of flow visualization has served as a valuable diag-
nostic tool in the study of flow fields at supersonic speeds for three decades
(refs. 1 to 3). Recognition of the merits of this technique has led to numerous
refinements in an effort to obtain higher quality vapor-screen photographs. Because
the vapor-screen technique is particularly useful in the study of complex flow
fields, such as those of missiles at high angle of attack and wing leading-edge
vortices at supersonic sneeds, improvements in the vapor-screen technique were under-
taken in the langley Unitary Plan Wind Tunnel (UPWT), Vapor-screen photographs
obtained during this development stage are presented in references 4 to 8.

Vapor-screen experiments are conducted in the UPWT in a manner similar to that
used for other wind-tunnel tests except trhrat a controlled amount of water is added to
the tunnel flow. This water condenses (and possibly freezes into ice crystals) to
form a thin, uniformly distributed fog. This fog is then illuminated by a narrow
sheet of light that is projected through the tunneli perpendicular to the free-stream
flow. The presence of the model in the flow field alters the uniform distribution of
fog and, consequently, the degree of illumination. The results are distinct flow
patterns that are visible on the illuminated fog sheet. This sheet of illuminated
fog or condensate is commonly referred to as a "vapor" screen, although vapor would
not be visible; nevertheless, this misromer will be continued in this paper.

The purpose of the present paper is to provide a description of the vapor-screen
technique as developed for use in the UPWT and to present typical vapor-screen photo-
graphs for various test conditions and system parameters. Several examples are pre-
sented in which vapor-screen results have contributed to the understanding of complex
flow fields and have provided a basis for theoretical calculations.
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SYMBOLS
Cp pressure coefficient
1 model reference body length, in.
M free-stream Mach number
Py tunnel stagnation pressure, atm
R Reynolds number per foot
T temperature, °F
po,atm dew point corrected to standard atmospheric pressure, °F
po'm dew point corrected to free-stream static pressure, °F
T, stagnation temperature, °F
?” test-section static temperature, °F
t camera exposure time, sec
X longitudinal station measured from model nose, in.
o angle of attack, deg
n fraction of local wing semispan
ALE leading-edge sweep angle, deg
¢ model roll angle, deg

APPARATUS AND PROCEDURE
Facility

The vapor-screen tests were conducted in the langley Unitary Plan Wind Tunnel
(UPWT) in both test section 1 with a Mach number range from 1.47 to 2.86 and test
section 2 with a Mach number range from 2.30 to 4.63. A schematic drawing of the
facility is shown in figure 1. This tunnel, which is a continuous-flow facility with
two 4-ft by 4-ft by 7-ft test sections, is described in reference 9. The vapor-
screen test technique is similar to those developed previously in the former Langley
4-Foot Supersonic Pressure Tunnel (ref. 2) and in other facilities.

General Test Procedure

A gsketch of the apparatus used in the UPWT vapor-screen setup is shown in fig-
ure 2(a). The high-intensity light source is mounted outside the test section and
positioned to project a sheet of light perpendicular to the tunnel flow. Cameras may
be positioned outside the tunnel and/or mounted inside the test section to photograph
the vapor-screen flow pattern from either position (fig. 2(b)). Details of the
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1000-W mercury-vapor lamp assembly are provided in figure 2(c). Photographs showing
the inside camera and typical models ready for tests in both the low Mach number test
section and the high Mach number test section are presented as figures 3(a) and 3(b),
respectively.

The model to be tested is painted with a flat black paint to reduce the -lare
from the lights, and reference marks are painted on the model at stations wheire
photographs are to be taken. Prior to the test, the cameras are set up and focused
by using a target located at the axial position of the light screen. For a typical
test, water is injected into the tunnel downstream of the test section (see fiy. 1)
to produce the required fog density.

The main sting support system in the tunnel, which provides angle-of-~attack
variation, also allows the model to be rolled and positioned longitudinally. After
the vapor screen has been established, the model is positioned at various locations
relative to the vapor screen by movement of the model longitudinally, in angle of
attack, or in roll by using the sting support system. This procedure thus allows
photographs to be made along the entire length of the model through a wide range of
angle of attack and roll so that an overall view of the flow pattern may be obtained
without changing the position of the camera relative to the lights.

Photographic Equipment

The photographic equipment used in the current vapor-screen system at the UPWT
is a remote-controlled 70-mm single-lens reflex camera with an 80-mm f/2.8 planar
lens. A battery-operated motor, which is an integral part of the camera, automati-
cally advances the film and cocks the shutter. The camera magazine is designed to
take up to 15 ft of cassette-loaded 70-mm film, which provides for about 70 photo-
graphs per roll. An ASA 400 film is normally used.

The camera located inside the tunnel (fig. 2(b)) is housed in a metal box with a
plate~glass wirdow 0.25 in. thick to protect the camera lens. The unit is supported
from the top c¢f the tunnel by a 2-in-diameter metal tube. In the early stages of the
development of the system it was discovered that temperature increases inside the box
could cause camera malfunctions. These problems were alleviated when moisture-
controlled cooling air was injected into the housing to prevent the camera from over-
heating. A remote-control exposure device was designed and built for use on the
inside tunnel camera that allowed exposure time settings from 1/15 to 1 sec. In
addition, a small red indicator light was built into the camera remote-control timer
to confirm successful shutter operation. This feature allows the operator to abort
tunnel runs at the first signal of camera failure, thereby saving considerable tunnel
operation time. The camera located outside the tunnel is mounted on a test-section
window support bar and uses a mirror to obtain a wider field of view through the
test-section window bars (fig. 2(b)).

A series of tests were conducted with different camera exposure times and aper-
ture settings. Vapor-screen photographs will be shown and discussed subsequently
that indicate which times and settings produced the best results,

Light-Source System

In order to produce a good vapor-cscreen photograph, the light source must pro-
vide an intense beam of light with a very narrow width. This sheet of light should
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be well-defined with sharp edges and very little stray light. To provide these char-
acteristics, the light source used for most of these tests consisted of two

1000-W mercury-vapor lamp assemblies and their related power supplies. Each 5- by
10-in. metal box encases a bulb and an adjustable 1.5-in-diameter parallax cylindri-
cal lens and knife edye (fig. 2(c)). The knife edges are located just forward of the
bulb in each asgsembly and can be adjusted to vary the intensity of the light emitted
from the bulb. In combination with the adjustable parallax lens, a vertical light
screen of proper intensity aud width (1/4 in.) can be obtained.

In addition to the tests with the mercury-vapor lamp setup, a few tests were
made by using a 15-mW helium-neon laser light source and a 4-W argon-ion variable-
power laser. The laser projected a light beam 0.125 in. in diameter and was fanned
out across the tunnel with a 0.15-in-diameter glass rod mounted in front of the laser
beam.

Water-Injection System

To establish a "vapor" screen for photography, the water injected into the tun-
nel must be carefully controllied to provide a fog density sufficient to scatter the
light without being too dense to diffuse the scattered light. Control of the mois-
ture within the tunnel circuit is maintained with the dry-air inbleed and outbleed
system (described in ref. 9) in conjunction with a water-injection system. The
water-injection system consists of a single orifice in the top wall of the diffuser
section of each test section. For all tunnel operating conditions, the static pres-
sure inside the tunnel at the water-injection station is well below atmospheric pres-
sure. The water is, therefore, injected in controlled amounts by a valve in the
waterline connected to an external reservoir. Depending on the existing moisture in
the tunnel circuit and test conditions, a nominal run requires about 3 to 5 gt of
water to provide a vapor screen. Once the required dew point is obtained, water does
not have to be added again for several minutes. The condensate is vaporized in the
tunnel cir-cuit and recondensed in the supersonic nozzle.

The mixture of air and water vapor is continuously sampled at the quiescent
chamber for each test section, and a dew-point instrument is used to monitor the fog
density. Although measurements are made at tunnel stagnation conditions, all dew-
point values are corrected to standard atmospheric pressures.

Tunnel Conditions for Optimum Screen

Tunnel flow conditions for vapor-screen photographs over the Mach number range
of poth test sections of the UPWT are presented in figure 4. Test var -bles are
presented at stagnation conditions, with the exception of dew-point vaiues that have
been corrected to standard atmospheric conditions. The moisture content correspond-
ing to the range of dew-point values shown in figqure 4 varies from 2000 to 8000 parts
per million. It is significant to note that for the lower Mach numbers, the tunnel
stagnation temperature is well below the standard operating value of 125°F for the
UPWT. (The standard operating temperature is 150°F for Mach numbers above 3.8.) 1In
fact, vapor screens at a Mach number of 1.5 cannot+ ~'wsays be obtained because of the

required low tunnel operating temperature that often exceeds the limit of the cooling
tower of the tunnel on hot, humid days.
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DISCUSSION OF RESULTS

An analysis of the lower operating boundary for acceptable fog density for good
vapor-screen photogiraphs has been made and the results are presented in figure 5.
Water is added downstream of the test section (see fig. 1) and is fully vaporized in
the circuit of the continuous-flow facility. The airstream is cooled during acceler-
ation in the nozzle to supersonic speeds; however, it has been determined that a
large amount of supersaturation is required for condensation. Hence, the airstream
must be cooled well below the saturation temperature for condensation to occur in the
supersonic nozzle. For these conditions, condensation will occur suddenly and the
large amount of heat added to the ir during the condensation process will cause
condensation shocks.

Supercooling increments of about 80°F have been measured in several small tun-
nels (ref. 10). For larger tunnels with long test sections, reference 10 suggests
that a conservative supercooling increment would be 54°F. This value was verified in
the UPWT by raising tunnel stagnation temperature to the condition at which tbe
vapor-screen condensate was no longer visible. The screen typically disappeared as
test-section static temperatures approached a value approximately 54°F below computed
saturation temperatures. The test-section static temperature Q» plus the super-
cooling increment of 54°F (that is, Qm + 54°F) has been plotted to show the lower
condensation boundaries at tunnel stagnation temperatures T, of 95°F and 125°F
(figs 5). To the right of these curves, sufficient supercoofing is available to
condense water vapor from the airstream. Also shown in figure 5 are measured dew
points adjusted to free-stream static pressure that provide optimum vapor screens for
the UPWT. For greater values of Td »¢ the fog is too dense; and for lower values
of Td ot the fog is too thin. As sﬁown in figure 5, the minimum test Mach number
for obgéining optimum vapor screens at the standard operating temperature,

Ty = 125°F, is approximately 1.7. At the UPWT low operating limit of T, = 95°F,
optimum vapor screens can be obtained at M = 1,5.

Water~-vapor condensation obviously affects the free-stream condition in the test
section. This raises the question of the validity of comparing vapor-screen results
with other data, such as force and moment data obtained at dry tunnel condi’.ions.

Condensation at supersonic speeds is accompanied by a stagnation-pressure loss
and a decrease in Mach number at the condensation shock. Orders of magnitude of
these effects are presented in references 9 and 10. At Mach 2.0, for example, it is
estimated that stagnation pressure is reduced 5 percent, Mach number is reduced by
0.05, and static pressure is increased by 4 percent. However, it is felt that errors
of this magnitude will not affect the interpretation of vapor-screen photographs.
Typical measurements of normal-force coefficients obtained at dry tunnel conditions
vary about 5 percent when compared with force data obtained during vapor-screen
tests. Therefore, valid forces and moments cannot be obtained during a vapor-screen
test; a duplicate test is required at dry tunnel conditions.

Effect of Light-Source Location and Camera Settings

The effect of light-source location with respect to the camera was tested and is
shown in a series of photographs (fig. 6). A comparison of the photographs indicates
that no large differences in photograph quality were obtained because of light-source
location when using the 1000-W mercury light source. However, the photographs taken
with the single light mounted on the same side as the camera (fig. 6(a)) provide a
more desirable vapor-screen picture because this technique eliminates the dark shadow

5



N SR

cast by the single light source when the camera is mounted on the opposite side of
the tunnel (fig. 6(b)). The photographs of figure 6(c) may have a slightly improved
image actail because of the increase in light intensity, but the shadow effect is
only partially eliminated by the addition of the second light (one light on each side
of the tunnel). The alignment and setup time of the two lights on opposite sides of
the tunnel were found to be more time-consuming. Tests with both lights mounted as a
unit on the same side of the tunnel gave good overall results and reguired minimum
setup time for regular day-to-day operaticn.

During tests with the 15-mW helium-neon laser light source, very sharp images on
the vapor screen were obtained; but the camera exposure time had to be increased to
about 4 sec (fig., 7). Because of model dynamics, the long exposure time resulted in
a blurring of the vapor-screen image. In an effort to increase the light level,
tests were conducted by using a larger 4-W argon-ion (art) variable-power laser.
Photographs obtained at M = 4,5 using the more powerful laser are shown in fig-
ure B. Camera exposure time required for these photographs was considerably less,
1/8 to 1/2 sec, and the detail appears better than in the photographs obtained with
either the small laser or the 1000-W mercury vapor lamps. Additional tests using the
large laser light have been planned to evaluate its potential more fully; any
advantages must be weighed, however, against the increased cost and its very
restrictive operation because of its large size and the elaborate safety precautions
required.

A camera exposure time of 1/4 sec and an f/2.8 aperture setting, along with two
1000-W mercury-vapor light sources mounted on the same side of the tunnel as the

camera, were selected as the optimum setup for the vapor-screen photographs presented
in this paper.

Effect of Varying Fog Density

Examples of the effect of fog density on the vapor-screen photographs are shown
in figure 9 at M = 2.35 and R = 2.0 x 106 per foot. At tunnel dew points from S5°F
to 15°F, the flow field is barely visible when viewed by eye and does not produce
adequate illumination for good photographs. The photographs show that the best dew
point at M = 2.35 is between 25°F and 30°F. As the dew point approached 45°F, the
fog density was so thick that the portion of the model on the camera side of the
vapor screen was blurred.

Effect of Reynolds Number

As seen in the vapor-screen photographs, variation of tunnel Reynolds number at
M = 2.35 (fig. 10} shows an effect similar to the dew-point effect discussed previ-
ously (fig, 9). That is, increasing the Reynolds number from 1.0 x 106 to 4.5 x 108
per foot by varying the pressure (while maintaining a constant dew point of 30°F)
appears to increase the fog density to the point at which the model at the high
Reynolds number is barely visible. Further tests indicated that the optimum vapor
screen in the higher Reynolds number range (about 4.0 x 106 to 4.5 x 106 per foot)
required a reduction in the dew point to about 15°F to 20°F. The trends shown are
representative of the test range of Mach numbers.
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Application and Analysis

The information provided by vapor-screen photographs, although qualitative in
nature, can be used to analyze complex flow fields. Three types of phenomena are
defined by the vapor-screen technique, The first type is the change in flow density
through obligue shock waves. This change results in a similar change in fog density
that, when illuminated, provides a clear definition of the shock position and
shape. The second type involves a flow phenomenon resulting from boundary-layer
separation such as wakes, vortex feed sheets, and vortex cores. Apparently, during
the process of fiow separation, particles are not convected across the shear line
into the wake flow. As a result, the absence of particles to illuminate will cause
wakes, feed sheets, and vortex cores to appear dark or transparent. A third type of
phenomenon involves a phase change of the visible condensate (or ice crystals) to the
transparent gaseous state (vapor) in a flow region where large temperature gradients
are present.

Illustrated in fiqure 11 are examples of the first two types of flow phenomena
that are typical of most vapor-screen photographs. The bow shock is clearly visible
as indicated by the different intensity levels. The vortex feed sheets and vortex
cores formed by flow separation on the sides of the body appear either as transparent
areas or as dark areas without particles present to reflect the light,

Vapor-screen photographs are often difficult to interpret because they show a
two-dimensional view of the flow field with a three-dimensional view of the model
exposed beyond the vapor screen. Also, the dark shadows cast by the model from the
light source sometimes appear as part of the model, which may add to the confusion
(fFig. 11).

To obtain an overall view of the shock-wave/vortex-wake pattern, a series of
photographs can be taken along the length of the model. These can be obtained with
either the inside or outside camera setup, with each method having certain advan-
tages. For example, a series of photographs taken with the outside camera provide a
perspective view of the overall flow field, as shown in the photographs of fig-
ure 12(a). By properly choosing the light and camera position, the shadow can be
eliminated. A similar composite display can be obtained from photographs taken with
the inside camera; however, the view is more restricted to the flow pattern as seen
from the rear of the model (fig. 12(b)). Photographs obtained by using the inside
camera show a flow pattern in a plane normal to the free-stream flow, and therefore
more accurate measurements of the shock and vortex locations can be obtained.

Examples of photographs taken with the inside camera, as shown in figure 13, are
rear views of a typical cruciform missile model at various stations for a = 11.5°,
23.2°, and 35.2°. The phc »graphs of figures 14(a) and 14(b) show typical vapor-
screen photographs obtained on a fighter-type airplane configuration at various
stations for a = 3° and 10°, respectively.

Vapor-screen photographs are used for a direct comparison with theoretical
calculations of the shock displacement and vortex patterns. The use of vapor-screen
photographs to evaluate theory is shown in figure 15, Analytical methods were devel-
oped and reported in reference 11 to predict the strength and position of the vorti-
ces on cylindrical missiles with wing and tail fins. Figure 15 shows a comparison of
the theoretical vortex position and size with vapor-screen photographs taken in a

.
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plane at the aft end of the missile at various roll angles. The existence of the
vapor-scre:n data in this case provided a gqualitative means of evaluating the vortex-
tracking ‘heory and resulted in a high degree of confidence in the accuracy of the
overall analysis of reference 11.

The high-quality resolution available in the vapor~screen photographs obtained
in the UPWT has made possible a detailed analysis of complicated leeside wake
flows. Reference 12 reports on the existence of a leeside centerline wake that is
formed as a result of flow separation on the blunt nose of a body at moderate angles
of attack (fig. 15(a)). The effect of nose shape is clearly seen by comparing the
leeside vapor screens fcr a blunt-nose and a sharp-nose cesign of a monoplanar mis-
sile confiquration having an elliptic body cross section. (See figs. 16(a) and
16(b), respectively.) Schlieren and vapor-screen photographs complement one another
and are often used together in the flow analysis. Schlieren photographs, therefore,
are also shown in figure 16 to aid in understanding the flow. A further investi-
gation into the behavior of this centerline vake was initiated by using vapor-screen
photographs for the basis of the study. The unusual behavior of this wake at model
angle of attack and roll position is shown in figure 17. The analysis presented in
reference 13 indicates that this leeside wake follows the upper-surface streamlines
and becomes attached to the body vortex feed sheet. No known analytical methods are
currently available for treatment of such complex flows; nor do any experimental
methods exist for accurately measuring the properties of this complex flow. However,
as a first step toward measurement and analysis, vapor-screen photographs, such as
those in figure 17, can be used to understand the character of the flow.

Vapor-screen photographs have also be-n used in conjunction with surface pres-
sures, oil flow, and tufts to classify ser~rated-flow conditions on the upper surface
of wings, as illustrated in figure 18. Bovh tuft and oil-flow photographs were used
to determine surface flow direction. The tufts tend to reflect the velocity direc-
tion at the edge of the boundary layer, and oil gstreaks show the direction of flow on
the surface. Only the vapor-screen flow-visualization technique provides flow-field
information on the size, shape, and location of the vortex.

Vapor-screen results provided the basic information required to divide the flo
on the upper surface of flat delta wings clearly into seven distinct flow classifi-
cations (ref. 14). TFreviously, only three flow classifications had been identi-
fied. Typical vapor-screen photographs of each of the seven conditions are shown in
figure 19. The seven flow classifications have been identified as follows:

(1) clasgical vortex, (2) vortex with shock, (3) separation bubble with nc shock,

(4) suparation bubble with shock, (5) no shock/no separation, (6) shock with no
separation, and (7) shock-induced separation. The analysis of reference 14 (made
possible by high-quality vapor-screen photographs) provides quidance for the develop-
ment of advanced theoretical methods as well as a means of explanation for wing
behavior under separated-flow conditions.

Vapor~screen results can be greatly enhanced with the use of interactive graph-
ics. An example of a comput.r-generated drawing of vortices produced by an ellip-
tical body is illustrated in figure 20. To produce this illustration, the camera
mounted inside the test section is used to provide several vapor-screen photographs
at various body stations. The vortices at these body stations a:e then digitized and
put into an dinteractive color-graphics display system that produces a very realistic
three-dimensional vortex model using several colors to emphasize detail. This method
allows the model with vortices to be viewed from any angle, thus providing pictorial
illustrations for gqualitative analysis.
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CONCLUDING REMARKS

The vapor=-screen technique for flow visualization in the Langley Unitary Plan
Wind Tunnel (UPWT) has been presentad with a description of the light sources and
photographic equipment used. The tests have been conducted over the nominal oper-
ating speed range of the facility with a variation in light intensity, camera
setting, and tunnel fog densities to determine the conditions required to obtain the
optimum vapor-screen photographs.

The results show that the light intensity and camera setting, variation in tun-
nel dew joint, Reynolds number, and tunnel stagnation temperature all have a signifi-
cart effect on the quality of vapor-screen photographs.

A number of typical vapor-screen photoqre ‘hs of various flow patterns have been
presented to illustrate both the guality of the photographs and how they are used in
flow analysis.

The use of the vapor-screen technique in the UPWT, which complements the devel-
opment of theoretical codes, has proven to be a valuable tool for interpreting com-
plex three-dimensional flow fields.

NASA Langley Research Center
Hampton, VA 23665
April 30, 1985
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Orifice locations for
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Dry-air storage sg..
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(a) Vapor-screen technique,

Figure 2.- Sketch of vapor-screen apparatus.,
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(b) Test section 2.

Figure 3.- Concluded.
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Figure 4.- Tunnel operating conditions for optimum vapor screen at nominal

test unit Reynolds number of 2.0 x 10° per foot. Mach number range
includes both test sections.
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Figure 5.- Comparison of vapor-screen dew-point values with condensati%?
R = 2,0 x 10

boundaries (assuming a supercooling increment of 54°F).
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% x/1=0.28 x/1=0.14

x/1=0.78 X

(a) Single light from right side.

i

(b) single light from left side.

(c) Lights from both sides.

L-85-86

Figure €.- Effect of light-source location on vapor-screen photographs
(camera on right side). M = 2.96; a = 22°,

. A = - b
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(a) Blunt-nose body.

| Figure 16.- Vapor-screen photographs of elliptic monoplanar missile (from
‘ ref. 12). M = 2.5; a = 15°
)
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(b) Sharp-nose body.

Figure 16.- Concluded.
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Figure 20.- Example of a computer-generated drawing of vortices produced by
an elliptical body.
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